I use Bousso's causal diamond measure to make a statistical prediction for the dark matter abundance, assuming an axion with a large decay constant f a ≫ 10 12 GeV. Using a crude approximation for observer formation, the prediction agrees well with observation: 25% of observers see less dark matter than we do while 75% of observers see more dark matter. Larger values of the dark matter ratio are disfavored by an elementary effect: increasing the amount of dark matter decreases the number of baryons inside one horizon volume. Thus the prediction does not depend on detailed assumptions about the requirements for life. The key assumption is that the number of observers per baryon is a mild function of the dark matter ratio for values near the observed value.
Introduction
Our current understanding of string theory suggests a vast landscape, with eternal inflation leading to an infinite number of pocket universes containing different low energy physics [1] [2] [3] . In this context, a prediction requires in principle a combination of landscape statistics, the dynamics of eternal inflation, and anthropic considerations.
It is natural to wonder whether the dark matter abundance has an anthropic explanation. For example, in models with a large axion decay constant, f a ≫ 10 12 GeV, the dark matter abundance is naturally much larger than what we observe. Many authors have attempted to argue that the observed dark matter abundance is typical once anthropic weighting is taken into account. However, due to the difficulty in simulating universes different from our own, it is unclear whether a dark matter abundance of 100 times the observed value prevents observers from forming.
It is not possible to make a prediction in the landscape without regulating the infinities. Eternal inflation produces an infinite number of pocket universes of every type, and each pocket universe is spatially infinite. One attractive recipe for regulating the infinities is the causal diamond measure of Bousso [?] .
In this note, I show that dark matter abundances much larger than what we observe are disfavored by an elementary effect: increasing the amount of dark matter decreases the number of baryons inside our causal patch. Quantitatively, if ζ is the ratio of dark matter to ordinary matter, the number of baryons N b in the causal patch is
A similar effect is likely to be present in measures other than the causal diamond measure. For example, the scale factor measure in the homogeneous approximation effectively weights vacua by the physical density of observers. The density of baryons at fixed time is proportional to 1/(1 + ζ), so the same weighting factor is recovered. The prediction depends on the prior distribution for the dark matter density. In models with large axion decay constant and no other dark matter, the amount of dark matter is determined by the initial axion misalignment angle θ i , which is a random variable. This leads to a prior distribution for the ratio of dark matter to ordinary matter dp prior dζ
In principle, one should compute the number of observations per baryon as a function of the dark matter ratio. Here we assume that the number of observations per baryon is roughly constant for dark matter ratios in the range 2.5 ζ 100, while using the approximation that for ζ < 2.5 there are almost no observations per baryon. We discuss the robustness of this approximation as well as the sensitivity of the result to our approximation.
We find that 25% The distribution is rather broad: in our approximation, 68% of observers see a dark matter ratio ζ < 30, while 82% of observers see a dark matter ratio ζ < 100.
Prior Distribution
We focus on a small part of the landscape. We fix the axion decay constant to a large value, f a ≫ 10
12 GeV, and assume that the energy scale of inflation is significantly smaller than f a . We consider the set of vacua exactly like ours, but with varying initial axion misalignment angle θ i . To be concrete, we could imagine that the slow roll inflation begins with a tunneling event, and that the shift symmetry of the axion is unbroken in the entire regime of interest. In other words, the axion is basically a spectator in the tunneling event.
Then every time a bubble forms the axion is roughly homogeneous throughout the interior of the bubble, with a random initial misalignment angle.
Once the universe cools sufficiently, the potential for the axion becomes important.
The axion field is approximately homogeneous in one horizon volume and acts like dark matter. The amount of dark matter relative to baryonic matter is determined by the misalignment angle. In models with a large axion decay constant, the natural value for the dark matter abundance is much larger than what we observe, so values near the observed value correspond to the axion being rather close to the minimum of its potential. In this regime, the potential is approximately quadratic, so the dark matter abundance is
We define the parameter α ∝ θ 2 i , with a constant of proportionality such that the ratio of dark matter to ordinary matter is
The parameter α is randomly distributed between zero and some maximum much larger than one, where our quadratic approximation to the potential breaks down.
Changing variables, the prior distribution for the dark matter ratio ζ in the scenario with a large axion decay constant is dp prior dζ ∝ 1 √ ζ (2.5)
Anthropic Considerations
We now compute the effect of increasing the dark matter abundance on the number of observers. The analysis in this section is independent of the details of the dark matter. However, inspired by axion models, we hold fixed the baryon to photon ratio, and simply increase the amount of dark matter. This means that at decoupling, the density of baryons is independent of the dark matter abundance, while the total matter density at decoupling increases. Since we are assuming a flat universe, the Hubble parameter at decoupling will increase as the dark matter abundance increases. We first compute the number of baryons inside the horizon as a function of time, then discuss the number of observations per baryon.
Number of baryons inside the horizon
We are simply counting the number of baryons in the backward lightcone of future infinity as a function of time. 1 The number of baryons inside the horizon can be computed in the homogeneous approximation. Assuming a flat universe, the metric is
We begin at cosmological constant domination at work backwards. By definition, t = t Λ when ρ m = ρ Λ . Therefore,
The horizon volume at the time t Λ is set by the de Sitter radius, independent of the dark matter abundance. Therefore the baryon mass inside the horizon at the time t Λ is
We are interested in the mass in baryons as a function of time. Note that both the Hubble parameter at vaccum domination and the total matter energy density ρ m at vaccum domination are independent of the dark matter ratio ζ. Therefore, the scale factor as a function of time from vaccum domination, a(t−t Λ ), and the total matter density, ρ m (t−t Λ ), are independent of the ratio ζ. Since the scale factor is unaffected by ζ, the volume inside the horizon, V (t − t Λ ) is also independent of ζ. On the other hand, the energy density in radiation, ρ γ , does depend on ζ. Therefore, as long as radiation is a negligible fraction of the energy density, the total mass inside the horizon, M(t−t Λ ) is independent of the dark matter ratio ζ. So the number of baryons inside the horizon, for all times with negligible energy density in radiation, is given by
where N 0 (t − t Λ ) is a universal function which does not depend on ζ. Recall also that ρ m (t − t Λ ) is independent of ζ, so it is natural to use the time variable t − t Λ . Of course the dark matter ratio does affect the early universe. The baryon to photon ratio is fixed, so at decoupling the ratio
is independent of ζ. So the total matter density at decoupling depends on ζ,
Therefore matter-radiation equality happens at a higher temperature as ζ is increased.
Quantitatively, the matter-radiation ratio redshifts as
and the temperature redshifts as T ∼ 1/a, so
The matter density is also higher at equality,
The number of observations per baryon
Now in principle, we should count the number of observations inside the causal patch by multiplying the number of baryons by the number of observations per baryon per unit time:
where f (t) is the number of observations per baryon per unit time. One crude estimate for the function f (t) is that it is proportional to the collapsed baryon fraction. We will not try to compute f in detail here, because it is quite difficult and much work has already been done.
To proceed, we make a crude approximation. First we need a lower bound on the amount of dark matter. As the amount of dark matter is decreased, the size of the biggest nonlinear structures decreases. According to Tegmark, Aguirre, Rees, and Wilczek [20] , structure formation is impeded when
where ζ 0 ≈ 5 is the dark matter ratio in our universe and Q is the magnitude of the density perturbations. This criterion gives
It is interesting to note that while the above bound depends Q, [20] give other bounds on the dark matter ratio which are independent of Q. These bounds require ζ 1, so a lower bound in the neighborhood of ζ ≈ 1 is somewhat robust.
What is the upper bound at which the amount of dark matter starts to seriously impair observer formation? This is a controversial subject, and in any case the most stringent upper bound in the literature is that of [20] who find ζ 10 2 . On the other hand, Hellerman and Walcher [21] find no compelling evidence for a bound stronger than
Here, we will simply assume that the number of observations per baryon is independent of ζ for arbitrarily large ζ, because the fact that the number of baryons in the causal diamond goes as N b ∼ 1/ζ for large ζ is enough to suppress large values of ζ.
Clearly, there is room for improvement in these considerations.
Prediction for the Dark Matter Abundance
Now we can combine the known prior distribution for axion dark matter with the anthropic counting of observers to generate the probability distribution for observed dark matter abundance. Using our crude approximation, galaxies do not form if there is less dark matter than baryonic matter, so we only consider those regions with more dark matter. Now using the approximation that the number of observations is proportional to the baryon mass inside one horizon volume, the probability distribution for the dark matter abundance
Future Directions
It will be interesting to extend these considerations to a larger landscape in which more parameters are allowed to vary. In addition, a more precise prediction within the small landscape studied here would require an improved analysis of observer formation for a range of dark matter ratios 0 < ζ < 1000. An additional interesting direction is the search for observational confirmation of these ideas. As pointed out recently by Hertzberg, Tegmark, and Wilczek [22] , and by Kaplan and Nelson [23] , axionic dark matter has observational signatures in the form of isocurvature perturbations. These perturbations can be produced during inflation if the inflation scale is high enough. They can also be produced prior to inflation and survive observationally if inflation does not go on for too long. Combined with arguments [24] that inflation is likely not to last too long, this is a very exciting possibility which deserves further study.
